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Abstract

Three-componentelocity measurements in the
wake of atwo-bladedrotor in hoverwere madaising
the Particlelmage Velocimetry (PIV) technique. The
velocity fields were oriented in plane normal to the
rotor disk and wereacquiredfor wake ages ranging
from 0 to 270 deg. for one rotor thrust condition. The
experimental setup and processing of the
instantaneous imageare discussed. Data averaging
schemesare demonstrated tanitigate the smearing
effects ofvortex wander.The effect of vortex wander
on the measured vortex core size is presented.

Introduction

The key to accurate predictions of rotorcraft
aerodynamicsacoustics,and dynamicslies in the
accurate representation of the rotor wake. The vortical
wakes computed by rotorcrd®tFD analyses typically
suffer from numerical dissipation before the fintade
passage. With some priori knowledge ofthe wake
trajectory,grid points can be concentrateglong the
trajectory to minimize  this dissipation.
Comprehensiveotorcraft analysedased onlifting-
line theory rely on classical vortex modedsd/or
semi-empirical information about théip vortex
structure. Until the location, sizandstrength of the
trailed tip vortex can be measuredver a range of
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wake ages, the analysesill continue to beadjusted
on a trial and error basis to correctly predictblade
airloads, acoustics, dynamics, and performablsing
the laser light sheet technique, tip vortex location can
be acquired in atraightforwardmanner. Measuring
wake velocities and vortex core size, however, has
been difficult and tedious using point-measurement
techniquessuch as laser velocimetry. The Particle
Image Velocimetry (PIVYechniquehas proven to be
an efficient method for acquiring velocity
measurements over relatively largeeasandvolumes
for rotating flow-fields. The mjority of PIV work
reported to datdnas been restricted to 2-component
velocity measurementacquiredfrom the wake of a
rotor in forward flight (Refs. 1-12). Ref. 1describes
an experiment where three-component velocity
measurements were made on a rotofomvard flight,
although only preliminary resultsare shown.
Although PIV hasbecome an increasinglfavored
technique for acquiring flow field information on rotor
wakes, thereéhas been minimal information in the
literature regarding methods of extracting critical
parameters such as vorteare size and strengthfrom
PIV data.

The present worlhad two objectives. The first
objective was to gairexperience inapplying the
three-component (3D) PIV technique to a simple rotor
configuration. A two-bladed, untwisted rotor
operating at moderate thrust in hover gakected for
this investigation. Restricting the test conditions to
hover allowed greater freedom, compared faward
flight testing, in locating theamerasandlaser sheet.
Three-componenPlV permits bothcameras to be
positioned in thdorward scatterposition relative to
the lasedight sheetthereby maximizing thequality
of the particle images. Theecondobjective was to



obtain vortexcore size and documentthe effects of
vortex wander.

This paper provides a description dhe test
facility and the model used for the experiment, a
discussion of the test conditions, a detailiedcription
of the PIV measurementset-up, and the data
processing technique and procedures. Specific findings
from this experiment are discussed.

Facility and Model Description

The experiment waperformed atNASA Ames
Research Center in the U.S. Army
Aeroflightdynamics Directorate Hovdrest Chamber.
The following sectionglescribethe testchamber and
rotor model.

Hover Test Chamber: The chamber floor is 26 ft
x 32 ft. The chamber ceiling height is adjustable and
was positioned approximately 6 ft above the rotor
hub for this experiment (Fig. 1(a)). Two large roll-up
doors on opposite sides of the chamber were each
raised 32 inches to allow the rotor to draw in air from
the outside. Air filters were used to minimize debris
entering the chamber from beneath the roll-up doors.
The rotor wake was exhausted upward through an
aperture in the chamber ceiling and then to the
exterior through openings near the top of the
chamber.

Test Stand and Rotor: Fig. 1(b) shows the two-
bladed rotor and the Rotary Wing Test Stand (RWTS)
installed in the hover chamber. The RWTS has two
90-HP electric motors and a 2.5:1 transmission. A
flexible coupling between the input shaft and dummy
balance was instrumented to measure torque. A rotary
shaft encoder served to provide the synchronization
trigger for the PIV cameras and laser.

A two-bladedrotor was installed on the RWTS.
The blades have a rectangulglanform, zero twist,
and a chord of 7.5 inches. The rotor diameter is 7.5 ft.
The outer 50percent of eactaluminum blade is a
NACA 0012 profile; the profile linearly tapers to a
NACA 0020 from 0.5R to 0.2R (Ref. 13). Thetor
hub consists of 2 steel halves whiaehe clamped
together to hold the blades at the desired piteting.
The hub-and-bladeassembly isdesignedfor a zero-
degree coning angle. To minimize recirculation in the
chamber,blade pitch was manuallyadjusted to a
negative angle resulting in downward thrust and
upwardly convectedwake. The rotor hub was
approximately 7.5 ftabove thechamberfloor. A
similar installation wasused in Ref. 13, which
provides additional detailsbout the rotorand test
stand.
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Fig. 1(b). Photograph of test stand installed in hover chamber.

Fig. 1. Hover chamber test installation.

Test Conditions: Rotor rpm was chosen to be
870 rpm (14.5Hz) to maximize the thrust while not
exceeding the maximum frame rate of the PIV
cameras. Since a rotor balance was not installed for
this test, a thrust condition matching the condition
tested in Ref. 13 was selected. All data were therefore
acquired for —8 deg. collective pitch, corresponding to
a rotor thrust coefficient of 0.005. PIV data were
acquired from 0 deg. to 270 deg. wake age in
increments of 30 degrees. Five hundred image pairs,
or realizations, were recorded in groups of 50 at each
wake age.

Three-Component PIV Method Description

PIV measures fluid velocities Bime-sequential
imaging ofindividual tracerparticles in the flow. A
laserlight sheet illuminates the particles. Theoss-



correlation of two successive images Yyields the
magnitude and direction of the particle displacement.
Originally, PIV wasdevelopedusing a single

camera that viewed the laser light sheet normal to the

plane. The resultingdata was an array of two-
component velocity vectors. Omeror source in 2D

PIV is caused by out-of-plane motion of the particles.

Near the center ofthe imagearea, wherethe view
angle is nearly 90 deg. tthe plane, theerror is
negligible. Towardthe edges ofthe image theview
angle decreases from the ideal 90-detgle such that
the motion perpendicular tothe sheet becomes
detectable. This perspective errorled the PIV
community tobelieve that thenethod was sensitive
enough to exploit theo-calledout-of-planeerror to
derivethe third component of velocity (Ret4). By
using twocameras toview the laser sheet obliquely,
the movement through the laser sheet carebarded.
Each camera hasdifferent perspective othe particle
motion from Ref.exposure (J) to Delayedexposure
(T) in the region of interest (Fig. 2). Thehnird
component of velocitycan be calculatedusing
photogrammetric equations. The methdmcame
known as Stereoscopic PIV or 3D PIV.
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Fig. 2. Diagram showing the perspective
effect of particles in 3D motion for

Stereoscopic PIV.

The techniqguedemandsboth critical focus and
maximum brightness of theparticle image.
Conventional lens mountsreate gplane of focus in
object space that is parallel with both the imatgme

andthe lens plane. An opticahallenge arisesvhen
the cameraviews the plane of lasdight obliquely.
Using conventional focusing, a small leaperture
(large f value) is required to produce the large depth of
field necessary tanaintain discreteparticle images.
Unfortunately, a small lensaperture drastically
reducedoth theparticle imageintensity and image
resolution. For thisreason a new approach was
necessary.

Scheimpflug focusingsolved this conundrum.
(Ref 15). Fig. 3 illustrates the basic principlghich

states that when the object plane, the lens plane and

the image plane meet on a common linespace,
focus is achieved.Photogrammeticequations were
derived specifically for 3D PIV using the
Scheimpflug technique (Ref. 16).
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Fig. 3. The Scheimpflug condition.

Experimental Set-up

The cameras werenounted horizontally on a
plane 3 inches above the rotor dibtg. 4 shows an
overview ofthe system. Thangle of view foreach
camerarelative to the laselight sheet was 3@leg.
This anglemaximizedthe brightness of thearticle
image by capitalizing on thefficiency of laselight
in forward-scatter without sacrificingccuracyFig. 5
illustrates the position of the imageearelative to
the blade tip. The image height is twelvénches
outboardand approximately 16 incheimboarddue to
perspective. The radial extent of the fléield covered
is about 18 inches.
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Fig. 4. Overview of PIV system set-up.
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Fig. 5. Diagram of image area andorthogonal
axes.

Camera Set-up: Kodak ES 1.0 cross-correlation
cameras were usddr image acquisitionThis model

has adouble-exposure modat permits twonon-

interlaced full-frame images to l@equired in asingle

frame interval. The time intervélletweenimages can
be as short as icroseconds or atong as 30
milliseconds. Since theyare not standard video
cameras they can be externaliggeredanddriven at

any frequency up to 15 Hz irthe double-exposure
mode. Thesecameras have8-bit CCD arrays of
1008(h) x 1018(v) pixelsEachpixel measures 9 um
on a side. Thecamera has remote-adjustment
capability for digitalgain, contrastblack-level and
trigger mode through the computer interface.

The cameras wergositioned on a horizontal
platform anequal distance omitherside of the laser
sheet. Each cameraassembly was mounted on a
turntable to permitcoarsealignment of thecamera
view. Each assembly used a Nikon 55 mm feszs.

The lens was mounted on acnometer-driven two-
axis translation stage, whichpermitted fine
adjustment of the imageosition. The lengandtwo-
axis stagewere mounted on a motorizedinear-
translation stage. The cem was mounted on a
motorizedrotation stage. Fig. 6 shows thesembly
without the bellowshetweenthe camera andens to
illustrate the angular adjustment. All four stagese
remotely operatedthrough a single controllethus
providing real-time focuscontrol. By rotating the
camera andtranslating the lens, the Scheimpflug
condition could be satisfied.

Fig. 6. Photograph of the camera assembly.

Laser and Sheet Optics: The lasesedfor this
experiment was a Spectighysics PIV-400model.
The pulse duration of this laser im@nosecondwith
350 millijoules per pulse in thB32-nanometeband.
The beam diameter is 9mm withdavergence 00.50
millirads. All mirrors and optics used had laser
damage thresholds of no less than 13/cm

A positive 200-mmand anegative 200-mm
cylindrical lens pair,mounted colinearlycontrolled
the sheet thickness. By adjusting tlistance between
these lenses, the waist of tfecal point could be
projected tothe optimum location in thdield of
view. Thelaser sheet thicknessried slightly from
0.8 mm in thecenter tol.1 mm on theedges of the
imagearea. A negative’5-mm cylindrical lens was
used to spreathe beam vertically to form thight
sheet. The laser sheet was projected fradistance of
approximately 25 feet, over the rotbub, to the
region of interest as shown in Fig. 7.



Fig. 7. Photograph of region of interest from
Camera 1 position.

System Alignment: The primary blade was
positioned at thezero-degree referengaoint and a
calibrated laser level (sweeping type) wased to
establish the vertical plane through thladetrailing
edge. The Nd:YAG laser wasdirected through the
optics, adjustedfor thickness,steered tothe blade
trailing edge andhdjusted tathe vertical planalefined
by the sweeping lasdevel. The calibrationtarget
was placed atthe bladetrailing edge such that the
image area spanned from three inches bélmblade
trailing edge tonine inches abovend 2.5 inches
outboard ofthe bladetip to about 15 inchemboard.
The target wadeveled to 0.01deg. using aligital
inclinometer. Measurements of théade-tip location
with respect tathe targetwere made tat1/32”. The
YAG laser wasdirectedtoward the target as dinal
check. Wherthe laserlight sheetevenly grazed the
surface of the target, the target alignment was
satisfactory. The target was illuminated witrhite
light on both sides, theameras were focused and
calibration images were recorded.

PIV Software: This experiment wagerformed
using the Integrated Design Tools (IDT) WinVu
v5.10 software. This software functions as bottata
acquisition interface and an image-processing
interface. This has thadvantage oproviding a fully
integrated calibration procedure that allows for
acquisition, qualityassurancand dataeduction. The
calibration vyieldsall the opticalparametersrequired
for accurate reconstruction of three-component
velocity-vector fields (Refl7). The calibration is

performed both before and immediately after each run.

The first step in processing images isdefine
the region of interest in the image with an
interrogation grid. The intersectionbetween the
vertical andhorizontalgrid lines definethe centers of
each interrogation window. The interrogatimdow
is the smaller region in theeference anddelayed
images thatare cross-correlatedsing anoptimized

Fourier transform. Wen the cameracalibrations are
applied, the grid in each camera vieaversthe exact
same area in the flow field.

The interrogationwindow size is thenchosen
based onthe particle densityand the maximum
instantaneous displacement of the particles. Typically
the window size ranges from 8 to 64 pixels oside.
Each interrogation window yields one vector. The
cross-correlation ofhe interrogationwindow in the
reference imagwvith that of thedelayedimageyields
a correlationmap. The location of theorrelation
peak in space determinéise local displacement in
both magnitude and direction. = A mathematical
description ofthe WinVu algorithmcan be found in
Ref. 17.

Uniform seed density is of paramount
importance to theaccuracy ofthe measurement.
WinVu incorporates a qualitassuranceest in the
vector calculationsFirst, the software counts the
number of particles in the interrogatiomindow.
Nine particles are required to contribute to a
correlation map. It isassumedhat all particles in an
interrogationarea are mwving identically, so that a
simple averageover all the particlemotions reduces
the statistical measurement error by 1/3.

If there are enough particles, therocessing
begins with a first-passcorrelation between the
referenceimage and delayed imge todetermine the
maximum displacement rangeFor the secondpass
the software enlargeshe interrogationarea in the
delayedimage. The amount of thenlargement is
based on the maximum displacement radeermined
in the first pass. Since the Fourier transfaaquires
both interrogatiorareas to badentical, thesoftware
“addszeros” tothe interrogatiorarea ofthe reference
image to match the size of tlielayedimage area.
This technique raximizes the probability of
correlating all the particlesfound in the reference
image interrogation area to thofeeind in the delayed
image, thereby maximizing the statistical accuracy.

If there are not enough particles in given
interrogation region, the programill automatically
enlargethe interrogatiorarea ofthe reference irage.
If there are nine or more particles irthis enlarged
area, then the correlation proceeds in the Saaener
describedabove. Thedata for this grid point is
considered to be eecalculation. If nine particles are
not counted, the software will expand the
interrogationareaincrementally. It will repeatthis
process until the interrogation aregpands to dimit
of 64x64 pixels. If thenine-particle threshold is not
met for the largestrea,then velocity values are
interpolated forthat grid point using asecond-order
curve fit based on nearest-neighborvalues. This
vector is also counted as a recalculation.

The software tracksthe number of these
recalculationsand displays that numbeafter each
camera view is processed. Ifthe number of



recalculations is less than 1% of the total vectors then
the data are considered reliable.

Calibration Procedure: The calibration target
shown in Fig. 8was designedfor the calibration
procedure required bihe WinVu software. Thearget
consists of two digitally generated photographic
prints, one the mirror image of the other. The two
prints were mounted back-to-back aftercareful
registration on a light-table. The target large
enough to occupy the entire 12 inch by 18 inch (30
mm x 45 mm) region of interest. The target contains
three concentricsquaresand an outer perimeter
rectangle. Eaclkquarewas measuredusing aCordax
two-axis Optical Probe inspection system. This
device is used for specification compliartesting for
precision machining. Itmeasures to aaccuracy of
0.0001 of an inch (2 to 3 microns). Tlalibration
routine uses the dimensions of any one oflibres

to establish the magnification ratiand perspective
correction parameters.The background pattern
simulates a particle field which is used to focus and to
provide an end-to-endcheck of the system. The
background can be treated like a particle image field to
correlate images recorded in the displacement
procedure described below.

Fig. 8. Target in-situ  camera

calibration.

image for

System Accuracy: Systemaccuracy is determined
by displacing the calibration targetpmeciseamount
and measuring that shift using the PIV syst&affel
et.al. (Ref. 18) has shown thimethod to provide the
best estimate of system accuracy. Alternathethods
include statistical analysis of opticgarameters (Ref.
19) and the measurement of a “known” flow.

The target was mounted on a three-dixisar
translation stage. Manual micrometecsjibrated to
0.0001 inch (2 to 3 microns) on ti@ordaxsystem,
drove each axis of translation. An image of theget
was recorded after each axial translation. The
respective images were processed in Winiging the
simulated particlefield shown in Fig. 8.Table 1
presents results from displacing the calibratamget

in each of the three directions. Themean
displacementsvere derivedfrom approximately 3800
vectors. The relativelyarge displacement 0d.200
inches (5.080 mm) irachorthogonaldirection was
chosen to minimize angrror associatedvith the
micrometers. Theverage error indisplacement for
the x, y, and z directions is 1.2%, 0.26&md0.47%
respectively. As expected, the largest error is
associated with the out-of-plane displacement (x).

It is unlikely that theflow-field measurements
have the samepercent accuracyRather, it is more
likely that the absoluteerror is independent of
displacement magnitudélhe displacementshosen
for this procedure are typically thréienes larger than
the displacements found imactual flow-field inages.
Thus, thepercentage errdor the PIV measurements
may be up tahreetimes higherTable 1 shows the
analysis of the static displacement procedure.

Direction Actual Measured Measurement
displacement  displacement std. dev.
(mm) and error (mm) (mm)
X 5.080 5.017, -0.063 0.059
y 5.080 5.056, -0.024 0.018
z 5.080 5.067, -0.013 0.024
Table 1. Error analysis from static-
displacement procedure.

Flow Seeding: Seeding ofthe flow is of critical
importance in PIV applications. Thseed must
follow the flow without altering or laggingehind it.
The seedingmaterialmust mix thoroughly with the
flow such that images have uniforseeddensityover
the entire imagearea.The smaller the particle, the
better themixing and flow tracking (Ref. 20). It is
highly advantageous to have real-time remote control
of the density of theseed. A Corona Integrated
Technologies Vi-Count 5000 smokgenerator was
usedfor this experiment. The smoker waperated
remotely by a toggle switcHocated atthe data
acquisition station. It produces particles(o® to 0.3
microns indiameterusing non-toxic,pharmaceutical-
grade mineral oil.

The smoker was placed on the floor of tiever
chamber. During rotor operation, arawn through
the filtersbeneaththe roll up doors mixedwith the
seed generateftom the smoker.Data inmages were
acquired only after the seed was nearly homogenous in
the chamber.



Data Acquisition

The PIV cameras were each connected to
separate Imaging Technology I€CI frame grabbers
installed in a PC workstatiohimage acquisition was
performedusing WinVu enabling efficientreal-time
assessment of image quality. Sample imagese
acquired angbrocessed t@ptimize image quality and
inter-pulse time delay.

A successful PIV measurement ishighly
dependent orthe quality of theraw images. Issues
such as background light contamination, image
brightness, contrast, focus, beam alignmantlight
pulse separationbear on the success ofimage
correlation.

Fine focusing and beam-alignment were
performedusing aseededet prior to testing. The jet
was a small blower whose intakdrew from the
ambient airmixed with the smoke. Focusing was
accomplishedising the remotelpperatedtranslation
stages while observing the real-time display. The gain
and black-level were then adjusted to maximize
contrast and brightness of the particle field. check
for laser sheet coplanarity, the motion of faaticles
was observed onthe real-time displaywhere both
laser pulses were recorded in one image. As the beams
cameinto alignment, theparticle imagesppeared as
doublets.

The final parameterthe inter-pulse timedelay,
has to bedetermined undemctual test conditions.
Sample images are acquired and processed inrgedar
time. Adjustments to the timdelay are madbased
on the resulting correlation. The most important
information required for determinintpe timedelay is
the maximum instantaneousdisplacement. It
represents the highest velocity in the flow for a given
componentand should be optimized to lie in the
range of +/-3 pixels, independent of windowsize.
This rangemaximizes the measuremeatcuracy. A
smaller pixeldisplacementimits the dynamic range
of the measurement (Ref. 19). Displacements that are
too large decreasehe probability of correlation. The
chosen time delay of 40 microsecormisduced three-
pixel displacements near the vortex core, the region of
highest in-plane velocity.

Once image quality wasassured,500 image
pairs were acquired per wakeage. Each wake age
represents 2jigabytes ofraw imagedata. Imagedata
for ten wake ageswere acquired infour hours of
operation.

Post-Test Data Processing

Several steps are required to extract vortex
structure from the particle images. The following
sectionsdescribethe procedures used toonvert the
images to three-component velocity fielddentify
the vortex centers and average the velocity fields.

Instantaneous Velocity Fields: A 24x24 pixel
cross-correlation windowvas chosen to proceshis
data set. This dimension wasdetermined by
processing sample images usirsgveral window
sizes. This window size permitted high spatial
resolution while ensuring that thequirednumber of
particles was present isachwindow. The interval
chosen betweenadjacent interrogation windows
created a 50% overlap in each directimsulting in a
vector field of size 80 x 64. Thisorresponds t&180
vectors per instantaneous vector field. Théradial)
grid interval is 5.4 mm in the flow regioandthe z
interval is 3.8 mm. The correlationwindow size
corresponds to 10.8 mm x 7.6 mm in the flow region

Averaging of the Velocity Fields: Two

methods for averaging the 500 instantaneous velocity
fields were used in this study. The first method does
not account for the effect of vortex wander while the
second method does.

Method 1:Simple Average:This method performs a
simple ensembleaverage ofall 500 instantaneous
velocity values atach gridpoint. The resulignores
any vortexwander. Ifthe amplitude of vortexander
is great, the vortexore will be smearedusing this
approach. Any vortexore measuremeriased on the
mean flow field will be in error. This approashould
be in agreementwith point-wise measurement
techniques such as LDV.

Method 2: VortexAlignment Average: To mitigate
the effects of vortex wander, ascheme toalign the
velocity fields based orthe locations of thesortices
prior to averagingwas developedTwo methodswere
used tolocate thecenter ofthe vortex: thepeak
vorticity or the midpoint of the locations of the
velocity extrema on a diametral profile.

A LabView program waswritten to calculate
vorticity in the x direction () from each
instantaneous velocityfield using the following
central-difference equation:

_ (,Vi+1,j _Vvi—l,j )_ 6/i,j+1 _\/i!j_l
o')i,j - Vi AN [ AY
Wit = Yid) \Zj1~Zj4)

wherew;; is the vorticity atgrid point (y,z), V;; is
the radial velocity and W, is the vertical velocity
component (refer Fig. 5 for axis orientation). Tdrl
point with the highest vorticity isssumed to locate
the vortex center. Irthis experimenteach velocity
field typically contains two vorticesEach field was
therefore divided into two regions with one vortex per
region. The velocityfields were shifted to align
vortex centers prior to averaging with the mean
vortex location.



Results and Discussion

Instantaneous vs. Averaged Velocities: Fig.
9 presents a single instantanewosalization of the
flow field consistent with the imagareashown in
Fig. 5. Fig. 9(a) shows in-plane velocities\&stors
with associatedcontours of out-of-plane velocities,
where positive x igowardthe reader.For clarity, the
figures show onlyone-fourth of thetotal calculated
vectors.Fig. 9(b) shows the same in-planector
field with the associatedcontours of out-of-plane
vorticity. Two vorticesare clearly definable in the
flow field. The vortex in the lower leftcorner
corresponds to a wake age of 30 débe vortex in
the upper righttorner corresponds to a wake age of
210 deg.The horizontal streak in theenter ofFig.
9(a) representthe velocitydefectassociatedvith the
blade wake.

Fig. 10presents the results of a sim@gerage
of the data from the same test conditions of Fig. 9. In
the course of processing, 14 vectofields were
eliminated due to recording errors oipoor seeding.
The simple average was performed with the remaining
486 instantaneousector fields,ignoring any effects
of vortexwander.Comparing the instantaneotéisw
field in Fig. 9 with themean flowfield of Fig. 10
several featureare evident.First, the simpleaverage
computes out-of-plane velocities and vorticity that are
much lower than their instantaneous counterparts.
Second, therailed blade wake istill visible in Fig.
10(a) but the average velocity defect in bt@dewake
is considerablysmaller than shown inFig. 9(a).
Thesedifferencescan be attributed twortex wander,
as will be demonstrated in the following sections.

Vortex Wander Effects: Fig. 11 illustrates the
amplitude of vortexwanderobserved at 30 deg. and
210 deg. wake ages. The vortex centers, defined as the
location of maximum instantaneous vorticitwere
plotted for each instantaneous field. Note itherease

in amplitude of wandewith increasedvake age.Fig.

12 shows histograms of vortex location feake age

210 deg.

To further demonstratéhe effects of vortex
wander, Fig. 13 presents mean in-plane velocity
vectorsand contours of out-of-plan&orticity using
two different averaging techniques. These figures
show all the vectorsalculated inthis region of the

flow field. The vortexwake age of210 deg. was
chosen to emphasize the effects of wanBgy. 13(a),

an expandedview taken directly from Fig. 10(b),
shows the simple ensemblaverage. Fig. 13(b)
shows the result of aligning vorteoentersprior to
averaging. As expected,the simple average has
reducedthe peak vorticity of the vortex core and
redistributed it over a largarea inthe flow field.

Fig. 13(a) corresponds to the fldield that would be
measured by point-sampling techniques such as LDV,
hot-wire  anemometry and pressure  probe
measurements. Unlike PIV, these techniques have no
means for correcting for vortex wander.

Vortex Core Measurements: The average
horizontal vortex core diameter for t240 deg.wake
age is calculatedrom instantaneous W component
profiles of each vortex. The core diameter is
determined by masuring thedistance between the
velocity extrema ofthe profile. The profileswere
drawn horizontally through the vortex center locations
determined inthe previous section. Theverage
measurement improves if the profilesmidergo an
alignment procedure. Three methods for averaging are
presented. The first method takesiaple average of
the velocity values ateach line interval. This
corresponds to @oint-wise measuremenéchnique.
The second rathod aligns the profiles using the
maximum vorticity locationgleterminedearlier. The
third methodaligns the midpoints of the velocity
extrema for each profile.

Fig. 14(a)showsseveralinstantaneous profiles
without any attempt to align them horizontally. Only
ten are presented here for clarity. Fig. 14(b) shows the
same ten velocity profilealigned according téhe y-
value of the maximum vorticity locatioig. 14(c)
shows the same ten profilafignedusing thecenter
locations determined from the midpoint of the
velocity extrema ofeachinstantaneous profileFig.
14(d) shows the result oéveragingall 486 profiles
using thethree alignment methods. It ispparent
from Fig. 14(d) that identification of the vorteenter
with the instantaneouspeak vorticity is less
successful thamsing the midpoint of the velocity
extrema.
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I nst ant aneous in-plane velocity vectors with associated contours of out-of-pl
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Fig. 10. Ensemble Average showing in-plane velocity vectors and associated contours of out-

of-plane velocity and vorticity.
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It is well known that the vorticity calculation is
sensitive to noise in the instantaneous velocity
measurements. However, it isot clear how the
vortex center can bederived from two-dimensional
velocity data employing the tangential velocity
extrema method. The convectiorelocity can
influence the tangential velocity. The vorticity of the
vortex is not sensitive to the convection velocity,
thereforethe location of the vortexore though a
calculation of instantaneous vorticigppears to be
the best approach.

Using a vorticity area-measurement technique
may rectify noise-induced errors in locating tretex
core. One method would be tefinethe centroid of
the instantaneous vorticifffeld asthe vortexcenter.
Another method wouldcross-correlaténstantaneous
vorticity fields to determinethe shift between
successive realization#lso, reducingthe noise in
the instantaneous vorticity calculationsan be
accomplished byising acentral-differencealgorithm
that uses fivegrid points for the two in-plane axis
directions instead afhree. Thedisadvantagdor each

of these routes is an increased computational penalty.

The dimension of thecore diameter was
determined tosub-grid accuracy byapplying alocal
second-ordercurve fit to each velocity extremum
from1lFig. 14(d). Table 2 presentgore diameter
measurements fromeach of the three velocity
profiles.Bestevidenceindicates a core diameter of
34.7 mm (d,Jc;,= 18%). The simpleaverage is
shown to supply ampparent core diameter 6B.2
mm (d,dC;,= 31%) which is 71% todarge due to
vortex wander. Note that the root measquare of
vortex wander amplitude (Fig. 11) about 17 mm,
which is 29% of theapparent core diametdsut 49%
of the true core diameter.

Core dcor(.JCtip

diameter(mm) (%)
Straight Average 59.2 31.1
Max Vorticity Alignment 46.4 24.4
Mid-point Alignment 34.7 18.2

Table 2. Estimate of core diameter at wake
age 210 deg.

Conclusions

The wake of a two-bladedotor in hover has
been studied using the three-component PIV
technique. The vortex awvake age210 deg. was
chosen to study the effects of vortex wander.

PIV was shown toreveal the instantaneous
vortex location, thereby allowing aaverage flowfield
to be computed in a coordinataoving with the
vortex. The internal structure of the vortex tisus
preserved inthe averagingprocess. Vortexwander
effects can therefore be removeffom the
measurements. Theore diameterwas found to be
59.2 mm (d,Jc;,= 31.0%) using simpleensemble
averaging. By aligning the vortex core centers prior to
averaging, a moraccurateestimate was shown to be
34.7 mm (dgord Cip= 18%).
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